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ABSTRACT OF THE DISSERTATION

Superconducting Magnetometers and Electronic Control System
by
Yuchao Zhou

Doctor of Philosophy, Graduate Program in Electrical Engineering
University of California, Riverside, September 2020
Dr. Shane Cybart, Chairperson

Superconducting devices provide unique properties and new potential for future
electronics. Magnetometers and gradiometers based on superconducting materials such as
Superconducting Quantum Interference Devices (SQUIDs) are amongst the most sensitive
detectors of magnetic field [1]. They have been widely used in geological, biomedical, and
electromagnetic analysis [1-15]. More and more, applications require superconductor sen-
sors with large dynamic ranges and high slew-rates. Additionally, the capability of parallel
processing many sensors in high demand. This dissertation reports on the experimental
results of several high temperature superconductor based magnetometers and the further
analysis of their electronic properties, followed by a novel approach using high-speed digital
electronics to control some of the sensors.

Currently, commercialized control systems based on analog flux-locked loops (FLL)
are mainly designed for low-transition temperature SQUIDs. Distinct analog circuits have
to be designed or customized to each type of SQUID sensor with different electrical proper-

ties for optimal performance. The rapid advancement in the performance of high-frequency

vii



digital components, driven by the mobile communication industry, motivates the further de-
velopment of digital FLL (DFLL). In order to develop a system with adjustable features for
different types of SQUIDs, we used Field Programmable Gate Arrays (FPGA) to implement
the new DFLL. This approach can be easily scaled up to support a large number of sensors
instead of having multiple analog circuits. The reprogrammable feature of the FPGA gives
the system the capability to modify the FLL for SQUID sensors in real time. The system
combines both traditional FLL with flux jump and counting together to provide a much
larger dynamic range. At the same time, algorithms have been developed for analyzing and
tracking in order to achieve an accurate lock on both SQUIDs. This approach is also a
potential electronics system that can operate other magnetometers such as long junctions.
Additional digital signal processing (DSP) can be used for SQUID data analysis, including

parallel processing, digital gradiometer subtraction, and SQUID imaging.
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Chapter 1

Introduction

1.1 YBCO

The most commonly studied high-temperature superconducting (HTS) material
is YBagCu3O75 (YBCO) [22] because of its high transition temperature (high-T¢) and
critical current density. Like many of the HTS materials, it is a cuprate that crystallizes in
a complex orthorhombic unit cell structure, Fig. 1.1 [23]. As a result, electrical transport
in the material is highly anisotropic in all 3 lattice directions. The resistivity along c-axis
is much bigger than the resistivity along the b-axis or a-axis, where p;. > 3oy, and p, = 3pp.
It is extremely difficult to grow practical multilayer YBCO junctions. Additional problems
arise because of its highly anisotropic superconducting coherence length and penetration
depth.

Along the b-axis, chains of copper and oxygen atoms create the preferred path of

conduction. The binding of the oxygen atom in this chain has a low activation energy of



Figure 1.1: Orthorhombic crystal structure of YBCO superconducting coherence length in
a-b plane ~ 2 nm and along c axis ~ 0.2 nm. The penetration depth in a-b plane is about
150 nm and about 800 nm along c axis [16].

1 eV and can be easily moved to an interstitial site. This result in a degradation of the
superconducting properties and, in extreme cases, completely destroys superconductivity
and metallic behavior.

However, YBCO is still a promising material for a variety of superconducting ap-
plications. Low transition temperature superconductors (LTS) like Niobium, operate at
liquid helium temperatures of (~4 K). After the discovery of high transition temperature
superconductor (HTS) ceramic materials, much research has been done to fabricate HT'S
devices. The operation temperature (~80 K) of the HTS ceramic materials could signifi-
cantly decrease the complexity, cost, power and weight of the sensors themselves and the

associated refrigeration system.



1.2 Ion irradiation

One of the major advancements in the facile processing of HTS devices is the use of
ion irradiation. This was first developed in Bell Labs in 1987 [17,24]. Their researches shows
that an increase of fluences of ion implementation reduces the critical current density in
YBCO, Fig.1.2. Because of the material’s sensitivity to defects, ion irradiation can be used
to modify the YBCO, analogous to transiting from superconductor to non-superconductor
and increasing the resistance of the material by photolithography. Specifically, by increasing
the doses of irradiation, conductivity and T¢ in the film decrease in a controlled way. This
is accompanied by an exponential decrease in the critical current density. For moderate
doses of irradiation, the YBCO thin film is completely converted from a superconductor to

an insulator, Fig. 1.3

_.
(@]
@15
@
*g
*
- >4

wlhd-—.—‘w_!_] AM—v—J

FILM #3 + 1
o
FILM #2 o FILM 24

SR S S S S [—L.)—L_-LJ._A_A_.J»_A__L_L_A_L;J—.L—H—L—L_'_;.—]
O 10 20 30 40 50 80

(a) FLUENCE (10" jons/cm?2 )

Figure 1.2: Reduction of Jc in three different YBCO films with respect to different doses of
1 MeV Ne™ ion beam [17]
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Figure 1.3: Resistivity change of YBCO film with time after irradiated by 1 MeV Ne™ ions
at fuences of (0, 0.1, 2.5, 4.0, 10.0, 15.0, 20.0, and 22.0) x 103 ions/cm? [17].

1.3 Focused Ion Beam

A novel way to irradiate the surface of thin films from superconducting to insu-
lating developed in 2006 with the invention of the helium ion microscope [25]. This process
is highly controllable, with a minimum beam size of 0.5 nm, decreasing the disorder re-
gion of YBCO to the nano scale. On this scale, it is now possible to create smaller and
more uniform barriers on thin film YBCO more accessibly than ever [26]. Along with this
technology, studies about HTS Josephson junctions can be fabricated on a nano scale with

similar tunneling lengths to LTS.

1.4 Josephson Junctions

The most important superconducting device is the Josephson Junction, first pre-

dicted by Brain Josephson in 1962 Fig. 1.4. A Josephson Junction is basically composed of



two pieces of superconductors separated by a thin metallic or insulating barrier, Fig. 1.4.

A Josephson Junction is the fundamental component of most superconducting devices.

Superconductor Superconductor

<

.

Figure 1.4: A schematic of Josephson Junctions. Current flows in y direction

By separating the superconductor into two pieces using a barrier, a phase difference
is created between the wave function of the two superconductors on each side, often known
as Josephson Phase (¢). This phase difference will drive the Cooper pairs to quantum tunnel
through the barrier and form a supercurrent going through the weak junction without any
potential voltage [27]. This phase coupling of the Josephson junction is strongly correlated
to the barrier width. Using the FHB technology, which allows for pattern control on the
nanoscale, it is now possible to improve the junction performance with these devices. The
equation below describes the relationship between the current flowing through the junction

and the Josephson phase.

Is = Igsing (1.1)



The critical current, I, is the maximum current that can go through the junction
with zero voltage. This equation is also known as the first Josephson equation [28]. After
applying potential voltage, the phase difference along x-axis changes with time and drives

more current through the junction [27].

_dp h

V=
dt 2e

(1.2)

This equation is also known as the second Josephson equation. It describes the
relationship between the voltage across the junction with respect to the time dependent

phase change.

1.4.1 RCSJ model

The Junction itself can be modeled as the ideal junction in parallel with a resistor
and a capacitor, Fig. 1.5. This model was developed in 1968 by Stewart [29] and McCum-

ber [30] and was well known as resistively capacitive shunted junction (RCSJ) model.

cC —— R X Junctions

= = o = -

Figure 1.5: RCSJ circuit model

Based on the model, the relationship between the voltage and the current is:



%4 dVv
I =1.si —_— — 1.
s1n90+RN +Cdt (1.3)

Due to the small width of the junction barrier, the capacitance of the Josephson

junction is usually small and can be ignored in the RCSJ model. After applying the phase

change with respect to time on the applied voltage, the current becomes:

dp h

I=I.si ad
osin(e) + 2Ry

(1.4)

It shows that when current is smaller than the critical current I voltage is equal

to zero. When current is bigger than I, the voltage becomes:

I

V= leRny/(1-

)2 -1 (1.5)

The I-V characteristic is shown in Fig. 1.6.

Non-Hysteretic Current-Voltage Characteristic

0
Voltage

Figure 1.6: I-V characteristic for Josephson junction



1.4.2 Magnetic Field

By putting a Josephson junction into an external magnetic field towards the z-axis,

the phase varies along the y-axis and causes current density changes along the junction

d£ _ —ZetB _ 21w d

—_— 1.6

where t is the effective barrier thickness. With a constant external field, this can be inte-

grated and inserted into the first Josephson Junction equation 1.7 obtain:

: )
Sin F‘}ﬁo

3
T3,

12 Dependence of Critical Current on Magnetic Field

1.0 4

0.8 1

0.6+

Critical Current(I/1 )

0.4

0.2

0.0 T T T T T T T T T

Figure 1.7: Critical current as a function of magnetic flux

The total critical current along the x-axis obtained from the current density forms

a Fraunhofer pattern with respect to the flux threading through the junction Fig. 1.7.



The reaction to magnetic flux makes the Josephson junction a basic structure for most

superconducting magnetic field detection devices [18].

1.5 SQUID

One of the most sensitive of these detection apparatuses utilize Superconducting
Quantum Interference Devices (SQUIDs) [31], consisting of two parallel Josephson junctions
connected by a superconducting loop, Fig. 1.8. Any small changes in external flux will lead
to a voltage change in the SQUID which can be easily detected, bringing the sensitivity
into the femtotesla range which is applicable to many different fields. During detection,
the changing external magnetic flux ®, causes interference between the two junctions. This
interference makes the critical current oscillate with the changing of the magnetic flux,
Fig. 1.9. When biasing the SQUID with a current Ij,, the critical current causes the voltage

V across the SQUID to oscillate with respect to critical current modulation Fig. 1.10.

1.6 Flux-locked Loop

The voltage across the SQUID is strongly nonlinearly dependent on the magnetic
flux. Fig. 1.11 shows the SQUID voltage with respect to applied magnetic flux. In order to
convert this nonlinear SQUID transfer function into a linear one, Flux-locked Loops (FLL)
are widely used [32-34]. The FLL generates a feedback signal to operate the SQUID at a

fixed working point. The voltage across the SQUID will be amplified, integrated, and then



Figure 1.8: SQUID with bias current Ij,, lux ®,, and voltage V.

Ic

@,

Figure 1.9: Critical current as a function of applied magnetic flux (®,) for ideal SQUID.
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O,

Figure 1.11: SQUID V-®, characteristic with working point W [19]. ® is the flux quanta
and V, is the SQUID transfer function amplitude. 6®, indicates the applied flux change
and 8V is the corresponding voltage change of the working point.
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fed back into the coil which is inductively coupled to the SQUID, Fig. 1.12. The feedback
signal is linearly dependant on the applied flux at the working point and balances out the
external flux.

I,

Preamp Integrator

/

out

M

TN ——AA

Ry

Figure 1.12: Basic FLL circuit.

1.6.1 Modulation

Due to the noise from amplifiers towards the low-transition-temperature (low-7¢)
SQUIDs [35,36], flux modulation is widely used in order to get a better transfer function out
of the system Fig. 1.13. Instead of one operating point, the feedback signal provides a square
wave modulation flux ®,,,q which operates the SQUID between W and W~ periodically.

Both working points WT and W~ will be at the same voltage level without applied
flux. Any change in external flux will cause a modulating voltage signal from the SQUID

sensor. This AC voltage signal has same frequency as the modulation feedback signal, but
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Figure 1.13: SQUID V-®, characteristic with flux modulation. [19]. The flux modulation
operates the SQUID between W' and W- which generates the same frequency voltage
response while external flux is applied.

with a 180 degree difference if the external flux is in an opposing direction. The FLL with
modulation typically uses a cooled step-up transformer to increase the voltage response
and reduce the voltage noise coming from the transistor in the preamplifier. Then the
system is directly connected to the preamplifier with a lock-in detector in order to detect
the modulation frequency. The signal will then be integrated as in a basic FLL, combined

with a modulation signal and then fed back into the SQUID.

1.6.2 Bias reversal

Figure 1.14: SQUID transfer function change under different circumstances. The black solid
lines indicate the original V-®, characteristics and the dotted the lines are the changes with
applied external flux or other noise. The first from the left shows the effects from applied
flux, second shows the changes from in-phase fluctuation, third is the out-phase fluctuation
and the last one suggests the changes from pre-amplifier voltage noise [19].
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Although, the fluctuation in critical current with normal resistance is weak in low-
Tc SQUID, it is significant noise for high-transition-temperature (high-T) SQUIDs [37].
Fig. 1.14 shows the V-®, changes under different circumstances [19]. In order to ignore
the noise and only balance out the applied flux changes, current bias reversal is used to
change the voltage response under situations other than external flux change into a different
frequency [20,38-42]. Fig. 1.15 is an example developed by Dossel et al [20]. The current
bias and flux modulation operates the SQUID among four different points which generates
a voltage response at a double modulation frequency. The SQUID voltage response will
have same frequency as the the modulation frequency while under the effect of current bias
and normal resistance fluctuation. A DC voltage will be shown across the SQUID if the

noise is coming from pre-amplifier.

Changing in

Out of phase Current bias  Voltage offset
v flux

V(1)

" AR e F
 E—

& =1 L1
B

1 tjz 3 4 <L <L < <L
Ref :,Z‘:[:H: Feedback No effect No effect No effect

Figure 1.15: An example FLL circuit with bias reversal I}, and flux modulation @}, [19,20].
The bias reversal is shifted 90 degrees from the flux modulation. When there is a change in
applied flux, the voltage response modulates at twice the frequency of the flux modulation.
For both in-phase and out-phase fluctuation from the bias current and normal resistance
R, the voltage response is the same frequency as the flux modulation. The SQUID voltage
response will be DC if the noise is coming from the pre-amplifier.
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Chapter 2

Josephson Junction Magnetometer

2.1 Motivation

In many applications, a magnetometer with a high dynamic range and an impedance
that matches most electronics has high demands. With the development of focused helium
ion beam (FHB) technology, an approach using the HT'S YBCO has been studied to pro-
vide a small size, weight, and power (SWAP) sensor with a high voltage response and the
ability to operate unsheilded. Since typical Josephson Junctions have a size smaller than
the Josephson penetration depth (Aj) 4 um, the supercurrent is distributed evenly through-
out the junction, 2.1(a). The critical current forms a Fraunhofer pattern with respect to
magnetic field as mentioned in chapter one.

The new approach uses a long junction which widens the Josephson Junction to
a length that is much greater than twice Ay, Fig. 2.1(b). As shown in 2.2, the self-field

effect from the current changes the Ic-B curve into a more triangular shape with a higher
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Figure 2.1: Schematic of a Josephson junction with (a) small width and (b) larger width.
The red barrier on the YBCO indicates the junction and the yellow line shows the current
flowing through the junctions.

linearity range [43-47]. The critical current change can be represented by the voltage across
the junction with a factor of normal state resistance. Ideally, the slope of the curve could
approach infinity by modifying the junction, which enhances the sensitivity (dV/dB) to
detect small fields. In order to increase the voltage response, 1-dimensional long junction
arrays have been designed. Connecting junctions in series also sums the voltage linearly
with the number of junctions in series and leads to a higher signal to noise ratio (SNR) that
improves the sensor’s dynamic range [48,49]. In this chapter, the measurement of both long

junctions and junction arrays will be demonstrated.

2.2 Measurement and Results

2.2.1 Long Junction

For a single long junction, thin film samples of YBCO were prepared and patterned

into strips using photolithography and ion milling [50]. Small 1 to 30 wide bridges were
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Voltage

Magnetic Field
Figure 2.2: Critical current as a function of magnetic flux for long junction

irradiated across into single planar junctions using 30 keV focused helium ion beam with
dose of 10'6 ~ 107 ion/cm?.

Critical current as a function of applied magnetic field for junctions with different
bridge widths were measured. For the narrow bridge width, the uniformity of the supercur-
rent in Josephson Junction leads to the ideal relationship between critical current response
and external magnetic field, Fig. 2.3.

However, for wider long junctions, an asymmetric voltage behavior with a sharp
edge and higher slope is observed, Fig. 2.4. Instead of the ideal Fraunhofer pattern, the
Ic-V curve of 10 um wide junction provides more linear regions on both sides. The dynamic
range can cover up to 25 uT with a 200 uV output range. The sensitivity is roughly 4 V/T

for this device.
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Figure 2.3: Critical Current as a function of applied magnetic field for YBCO thin film
irradiated with 30 keV helium beam with 3 um
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Figure 2.4: Critical Current as a function of applied magnetic field for YBCO thin film
irradiated with 30 keV helium beam with 10 um
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2.2.2 junction arrayss

In order to increase the sensitivity as well as the voltage response, devices with 600
junctions connected in series were fabricated with 10 and 20 pm junction widths [50]. These
devices exhibit a large, linear voltage response with applied magnetic field. The dynamic
range is of the order of mT which is an improvement of three orders of magnitude over

SQUID devices. This is sufficient for operation in Earths field (of 50uT).

Figure 2.5: Optical photograph of YBCO strip and gold layer with the 600 junction arrays
used in this study

Fig. 2.6 shows the V-B of 10 ym wide junction arrays operating around 61 K.
To obtain an optimal characteristic, the junction arrays are biased just above the critical
current. The linearity range provides about 20 uT with 12 mV dynamic range. The sensi-
tivity can reach up to 500 V/T with a resistance of 90 Q. The dynamic range could go up
to 100 uT with a bijective relationship between Voltage and Magnetic field. This range is

much larger than the Earth’s field, which allows the long junction arrays to operate in an
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unshielded environment. With additional electronics, this dynamic range can be increased

without reducing the sensitivities.
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Figure 2.6: V-B curve of 10 ym bridge junction arrays at 61 K. A 10 ym bridge has a
sensitivity around 500 V/T and a dynamic range around 100 pT. The insert graph shows
the full dynamic range

Fig. 2.7 is the V-B curve of arrays with 20 um-wide junctions. This device operates
around 73 K with a normal resistance of 35 €. The sensitivity is smaller compared to the

10 pm junction arrays, which is about 27 V/T. However, it provides a larger dynamic field

around 500 uT.

2.3 Discussion

This study provides a method to build highly sensitive devices with large dynamic

ranges that can operate unshielded in Earth’s field for magnetic detection by using Joseph-
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Figure 2.7: V-B curve of 20 ym bridge junction arrays at 73 K. 20 um bridge has a sensitivity
around 27 V/T and a dynamic range of more than 500 uT. The insert graph shows the linear
regime.
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son junction arrays. The magnetic field sensitivity is increased by putting junctions into
series. Further study and analysis was done in Jay C LeFebvre’s work [51]. The high voltage
response of the junction arrays is enough to direct connect with electronic control systems.
The impedance can be matched by changing the number of junctions in series to different
kinds of electronics, and the dynamic range can be increased to a higher range also with
additional electronics. A possible implementation to control long junction arrays will be

discussed in chapter 5.
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Chapter 3

SQUID Magnetometer

3.1 Motivation

One of the devices most sensitive to magnetic flux is the SQUID. As introduced in
chapter one, the SQUID has two Josephson Junctions placed in parallel. The FHB provides
the technology to build planer YBCO SQUIDs that can operate at higher temperatures.
Developing a HT'S SQUID would significately reduce the cost of building and maintaining
the cryogenic system that runs LTS SQUIDs at around 4 K.

Due to the planer structure of the YBCO SQUID, current SQUID design uses two
components to achieve both low noise and high field sensitivity. The first component is
a nano-slit SQUID based on FHB technology. The smaller dimension of the SQUID can
significantly reduce the flux noise [52,53]. By bring the SQUID into the nano scale [53-57],
the noise level can be reduced to below 1 u®p/ Hz'/2. However, the field sensitivity is directly
related the effective area of the SQUID. In order to remain or reach higher sensitivity,

the effective area needs to be enlarged by concentrating flux into the SQUID, without
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changing the SQUID dimension. Unlike LTS SQUID, where a multi-layer transformer can
be implemented to concentrate the flux from a much larger area [58], a YBCO SQUID is
limited by its planer structure. One of the widely used single layer approaches uses a direct
injected pick-up loop [59,60]. Fig. 3.1 shows a basic design of the direct coupled pick-up
loop that shares an electrode with the planer SQUID. Just like the LTS SQUID, the pick-up
coil forms a supercurrent from the magnetic flux. This superconducting current provides
a flux that can be detected by the SQUID while flowing next to the SQUID hole. The
effective area of the system is increased to Ag+aA,Ls/L, [61], where Ag and A, are the
area of the SQUID and pick-up loop and Lg and L, are corresponding inductances of the
SQUID and pick-up loop. The ais a constant factor based on supercurrent coupling. In
most cases, the nano SQUID size is much smaller than the pick-up loop area and can be
neglected. The effective ares is about aA,Ls/Ly. In D. Koelle’s work [61], a 0.29 mm?
effective area is created by direct coupling a 56 mm? pick-up loop. This approach retains
the noise level of a nano SQUID and, at the same time, increases the sensitivity.

This direct injected nano SQUID design allows the YBCO SQUID sensor to oper-
ate at a relatively high temperature with high sensitivity and low noise. Higher temperature
means that the sensor can be brought much closer to an object for a higher resolution mag-
netic field scanning compared to an LTS SQUID that operates at 4 K. The chapter will be
focusing on validating the design of HTS SQUID, simulation and analysis for those direct

inject nano SQUIDs, as well as the possible SQUID design for image systems.
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Figure 3.1: Schematic of SQUID with direct injected pick up loop [1].

3.2 SQUID Magnetometer

Fig. 3.2 shows a sample design of a direct injected YBCO SQUID. A more detailed
description of its fabrication can be found in [62]. The SQUID design contains a 100 pm wide
hexagonal pick-up loop with 10 um wide bridge. It was structured by photolithography and
argon ion milling of a 35 nm-thick reactive co-evaporated YBCO thin film. The SQUID
loop and Josephson junctions were created using nanoscale focused ion beam materials
modification of YBCO [26]. In a nanoslit-SQUID, a 10 nm x 50 pm slit is converted into
an insulator by helium irradiation with a dose of 6 x 107 ions/cm?. The narrow slit serves
as the SQUID loop. Two junctions are then written on either side of the loop with a lighter
dose of 8 x 101 jons/cm?.

The inductance and current of the direct inject SQUID has been simulated using

3D-MLSI inductance simulation software [63,64]. In this simulation, the penetration depth
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Figure 3.2: A direct injected nano SQUID design. The hexagon loop is the pick-up loop
directly coupled to the SQUID. The red line indicates the area irradiated as the SQUID
hole. The yellow lines are the two junctions written by the lighter dose FHB.

is set to 200 nm. Both resistances and SQUID junctions are not accounted for in the
software’s calculation. Fig. 3.3(a)-(b) shows the simulation for both the pick-up loop coil
and the SQUID loop. The simulated pick-up coil has an inductance around 227 pH. The
SQUID loop has much less inductance, about 58 pH, which gives a ratio of 1/4. With an
o value around 0.8, the effective area is estimated to be about 1/5 of the hexagonal pick-up
loop size, which matches our experimental data.

Fig. 3.4 shows the voltage response with respect to magnetic field for one of the
YBCO hexagonal SQUIDs. The measurement is done around 9 K in the liquid helium with
a p-metal shield around the chip. Both current bias and temperature were adjusted in order

to optimize the characteristics. The voltage response has a range of 90 uV with the static
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Figure 3.3: Inductance and current simulation for (a) the pickup loop and (b) the SQUID
loop. White lines indicates the current follow. For the pickup loop, the inductance is about
227 pH and the SQUID loop in (b) has 58 pH.

current biased at around 12 pA. The linear region provides a sensitivity of up to 2.8 kV/T.
Considering the period of 140 nT/®, the sensitivity towards the magnetic flux is about
390 uV/®g. This specific sensor is designed for low temperature, however the same method
can be used for SQUIDs to operate at higher temperatures by changing the dose of ion

irradiation. One example is introduced below for the purpose of SQUID imaging.

3.3 SQUID Imaging

For further imaging applications, SQUIDs with rectangular pick-up coil has been
designed. Those SQUIDs are placed at different angles, 45 degrees from each other. Fig. 3.5
shows the design of the SQUID. It has a 10 ym x 300 pm pick-up coil. The nano slit SQUID
is about 20 ym long with 1 ym wide junctions on both sides. The operating temperature

can range from around 40 K to 60 K. Fig. 3.6 indicates the V-B curve of one of the SQUID
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Figure 3.4: V-B characteristic of direct inject SQUID with hexagonal pick-up loop. The
pick-up loop width is 300 pm.

operating at 62 K. The high operating temperature made it possible to measure in a small
cryogenic system to provide a closer scan to the objects.

Imaging simulations have also been implemented to study the possible design of
SQUIDs for higher resolution magnetic field detection. It is clear that the resolution of the
SQUID image can be increased by implementing more SQUID sensors, smaller scanning
steps, or using a smaller sensor size. With current YBCO SQUID technology, SQUIDs
with different pick-up loops are simulated. The hexagonal SQUIDs with 100 ym width are
designed into 2 by 2 SQUID arrays. The pick up loop area for each loop is about 750 um?
Fig. 3.7(b) is the simulated scan image results based on an image, Fig. 3.7(a), with a
minimum feature size of 1 ym. The step of each scan is set to about 1 ym. The image is

reconstructed by considering the surrounding SQUID data while scanning. Further image
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Figure 3.5: The rectangular SQUIDs in different directions 45 degrees apart. Just like the
hexagonal design, the 10 yum x 300 um large coil is the pick-up loop. The SQUID loop was

irradiated down the bridge sticking out in the pick up loop. The junctions were written on
the both sides of the back end of the SQUID loop.
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Figure 3.6: The V-B characteristic of one of the rectangular SQUIDs at 62 K. The nano
SQUID loop length is 20 um.
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processing can been done with the storage of SQUID data in each position to increase the
resolution. Fig. 3.7(c) provides a scan with an 87 um wide square pick-up loop SQUID.
The pick-up loop size is around 7569 pm? to compare with the hexagonal SQUIDs. It
produced a similar resolution image under the same conditions as the hexagonal SQUIDs.
Changing shape of the SQUID did not improve resolution on a large scale. Fig. 3.7(d) shows
the result from a much smaller square pick-up loop SQUID with a size of 55 yu x 55 um
with all the other conditions remaining the same. It is obvious that reducing the SQUID
size significantly increases the resolution of the image. Due to the SQUID sensitivity,
the SQUID pick-up loop has a limited size for different electronics to provide the desired
electronic properties. The simulation can be used to balance the SQUID properties with
the image resolution for future SQUID magnetometer design.

Further simulations have been done to study the combination of images produced
by changing the angles of long shape SQUIDs. The SQUIDs with rectangular pick-up loops
have also been simulated with the same image. As mentioned above, the rectangular SQUID
has a pick-up loop of about 300 um x 10 ym. Rather than putting them into an array, they
are designed into 4 different angles, 45 degrees from each other. In order to compare the
result from the SQUID arrays scan, the same amount of SQUIDs are used in this simulation,
one in each direction. Fig. 3.8(a-d) shows the simulated results from this design.

Even though rectangular SQUIDs have a much larger length when compared to
the width of the square SQUIDs, the shorter side provides a more detailed resolution in each
direction. Image processing can be implemented by taking all four scans into consideration.

The 2 by 2 SQUIDs with square pick-up loops of size 55 ym x 55 ym have also been
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Figure 3.7: (a) Original image with a minimum feature about 1 ym, (b) simulated image
scanned with 2 x 2 hexagonal SQUIDs, (c) simulated image scanned with 2 x 2 square
SQUIDs, and (d) simulated image scanned with 2 x 2 square SQUIDs with pick-up loop size
2.5 times smaller than the SQUID in (b) and (c). Each pixel in original image is considered
to have a size of 1 ym x 1 ym, which gives a total size of 1.2 mm x 1.6 mm.
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Figure 3.8: Image simulation of SQUID scan for 10 um x 300 um rectangular SQUID with
(a) 0 degree rotation, (b) 45 degree rotation, (c) 90 degree rotation, and (d) 135 degree
rotation.
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simulated to compare to the reconstructed rectangle design. Both pick-up loops have about
3000 um? in area. The SQUID pick-up loop size is 3 orders of magnitude larger than the
minimum feature size of the target. It is obvious that the reconstructed rectangular SQUIDs

scan contains more details than that of the same size square SQUID.

Figure 3.9: (a) Reconstructed image from four ractanguler SQUIDs scan data. (b) The
image simulation of 2 by 2 square SQUIDs. The square SQUID has the pick-up loop size
about 55 um x 55 um to match the size of the pick-up loop of the rectangular SQUID.

3.4 Discussion

In this chapter, nano SQUIDs with various shapes of direct injected pick-up coils
were tested. The electronic properties were studied for further SQUID design and electronics
matching. The ability to control the temperature, resistance, and inductance properties of
the SQUID provides the possibility of wide ranges of application. For SQUIDs with voltage
responses of up to 100 uV, or even higher, operating at a relatively low temperatures, the
voltage noise from the pre-amplifier can possibly be ignored. Direct readout electronics can
be used without a cooled step-up coil. Possible solutions for SQUID magnetometer array

design for magnetic field imaging has be simulated. The study indicates that SQUIDs with
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rectangular pick-up loops in different directions may produce better resolution compared
to 2 dimensional square or hexagonal SQUID arrays with the same size and the same total
amount of SQUIDs. This could be a solution for high resolution SQUID scanning. Moreover,
with the development of HT'S SQUIDs, the sensors can be placed much closer to the patient
or the object by distance. A combination of different types of SQUID magnetometers will
very likely provide an even higher resolution image.

It is clear that a multi-SQUID electronic control system is necessary for parallel
processing of real time SQUID data, real time calculation, and further signal processing.
Large SQUID systems already exist, such as magenetoencephalography (MEG), which uses
more than 300 LTS SQUIDs at liquid helium temperature. These systems are still using
the traditional analog FLL in order to control the SQUIDs. These 300 FLL systems will
need to connect to a computer one by one in order to process the data. One traditional
FLL can not operate both LTS and HTS SQUIDs. The components need to be modified
to operate sensors with different electronic properties for different applications. A scalable
system with strong processing capability and adjustable parameters will be ideal for SQUID

imaging and analysis. In chapter 5, a new approach will be discussed in detail.

34



Chapter 4

SQUID Arrays

4.1 Motivation

As with the Josephson Junction arrays, the voltage across the SQUIDs will also
sum linearly in series. The critical current can be increased simultaneously by putting
the SQUIDs in parallel. By designing 2D SQUID arrays, the impedance can be easily
controlled by modifying the array size in both dimensions. This can be a possible approach
to applications [7,65-67] requiring high voltage responses with large dynamic ranges and
matched impedance [9,68-71]. In this chapter, both simulation and data analysis are
implemented to gain a deeper understanding of the electronic properties of the SQUID

arrays.
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4.2 Simulation

In this study, the simulation and data analysis are based on two types of SQUID
arrays designed, fabricated, and measured in the work of Ehtan Cho [21,72]. As shown in
Fig. 4.1, both close-packed and segmented SQUID arrays have 1 to 9 rows of 1000 SQUIDs
in parallel. Both designs have a 2 ym distance between the SQUIDs and the boundary with
3 x 3 um? SQUID loops. Unlike the close-packed chip in which the SQUIDs are directly
connected, the segmented chip separates each column of the SQUIDs and connects them
using a 4 um wide bridge. Those arrays are fabricated on 150 nm YBCO thin films. The

chips used 200 keV neon ions with a dose of 2 x 10'® ions/cm? to irradiate the YBCO to

create the Josephson Junctions.

Closepacked
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Figure 4.1: Close-packed and Segmented SQUID array designs. There are 1000 SQUIDs in
each row. The row number of the SQUID arrays range from 1 to 9. The SQUIDs are 2 ym
away from each other and the SQUID loop size is 3 x 3 pym [21].
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During the measurement, a bias current was applied through the SQUID arrays.
Voltage response was measured with applied magnetic field under temperatures ranging
from 45 K to 77 K. The voltage response range was adjusted to the largest set by changing
the bias current and temperature to maximize the V-B characteristics. Fig. 4.2(a) shows
the V-B curve of the 8 x 1000 close-packed SQUID arrays operating around 49 K. The
voltage modulation increases to around 2.5 mV with a sensitivity up to 90 V/T. As shown
in Fig. 4.2(b) the segmented design of the same size has a similar result. With an oper-
ating temperature around 45 K, the array provides about 2.8 mV voltage response with a

maximum sensitivity around 118 V/T.
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Figure 4.2: Voltage with respect to magnetic field of (a) close-packed SQUID arrays and
(b) segmented SQUID arrays [21].
To have a deeper understand of the electronic properties, current simulations were
done on both designs using 3D-MLSI [21]. The penetration depth in the simulations was
set to 200 nm with a 1 yA current flowing through the array. Both resistances and SQUID

junctions are not accounted for in the software’s calculation. Fig. 4.3(a)-(c) shows the
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current simulation result with an external flux range from 0 to 1/2 flux quanta in the real
size.

When there is no external magnetic flux for close-pack SQUID arrays, the current
is evenly distributed across the SQUID. But in the segmented SQUID arrays, the current
is distributed more closely to the center line. After applying magnetic field, the current in
both geometries are distributed evenly along the SQUID with similar self circling current.
This phenomenon likely arises because the space between the SQUIDs are much larger
than the set penetration depth. Devices are then simulated at 20 times smaller in both
dimensions compared to the original device. The size of the SQUID loops now become
150 nm times 150 nm with an 100 nm electrode in between. The width of the electrode is
much smaller than of the set penetration depth (200 nm). As shown in Fig. 4.4 (a-c), the
same conditions were applied in this simulation, providing applied flux from 0 to 1/2 ®.
In this simulation, the close-packed geometry has the same uniformly distributed current
that is not affected by magnetic field, but the segmented arrays have a high current density
concentrated in the middle electrode.

Additional current simulations have been implemented with the same conditions
as the previous simulations for close-packed designs but with additional Johnson Junctions
taken into considerations. The junctions were simulated by modifying the height of the
YBCO films and the penetration depth of the narrow regions on the SQUID loop. Under
these conditions, the current will be distributed evenly on the simulated junctions. Fig. 4.5
is the results of 2 x 5 and 5 x 5 close-packed SQUID arrays. A current of 1 yA flows from the

left side to the right and the current density flows into the junction areas within the range
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Figure 4.3: Current simulation for 5 SQUID rows with (a) no external magnetic flux, (b)
1/4 flux quanta (c) 1/2 flux quanta. A Current of 1 pA flows from left to right in both
design [21].
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Figure 4.4: Current simulation for smaller size 5 SQUID rows with (a) no external magnetic
flux, (b) 1/4 flux quanta (c) 1/2 flux quanta. Current flows from left to right in both design.
The total size is reduced 20 times. Each SQUID hole is reduced to 150 nm in width and
the electrode is about 100 nm, about half of the penetration depth [21].
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of 200 nm penetration depth on each side. Especially in Fig. 4.5(a), the light green region
can be clearly seen that relatively equal amount of current density is distributed through
the junction area. If the array is cut in order to look at the cross section of the junctions,
the current distribution is shown in Fig. 4.6. In ideal cases, the current distribution should
be roughly the same on each junction. Due to the size of triangular mesh used in the
simulation, the current density is not smoothly distributed over the simulated junction.
Various simulations have been done to prove that the results are randomly distributed due
to the different meshes used in the different columns. In the real SQUID array, the current
density in one column of junctions is highly likely to be randomly distributed, just like the
simulated data. But the general distribution of 1000 SQUIDs in series should not be as

random.
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Figure 4.5: Current simulation for both 2 and 5 rows of SQUID arrays with junctions. The
light blue dash line indicates the Josephson junctions.
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Figure 4.6: The normalized current distribution at the cross section of junctions for (a)
5 rows of SQUID arrays and (b) 8 rows of SQUID arrays. The red line is the current
distribution from the meshes in simulation and the black line is the average of each current
block.

In order to obtain the general current distribution, the interference effect in the
junctions arrays is studied. Just like the Young’s double slit experiment, for a row of
SQUIDs, the voltage modulation in changing magnetic field is the interference pattern on
the screen. The real current distribution with respect to effective area can be estimated by
fitting a Fourier transform of current distribution with respect to effective area into the V-B
curves of the close-packed SQUID arrays. The data can be matched to different current
distributions with an extremely low error rate. Fig. 4.7 shows one set of the current results
of the V-B curves regression for 1 to 6 SQUID array rows. Multiple sets of solutions for
current distribution exist in the fitting because of the loss of the imaginary part of the
signal and the wide range of the data. Considering that the V-B is formed from a 1000

arrays in series, we would assume that the current vs. effective area is uniformly distributed.
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Figure 4.7: (a)-(f) show the V-B curve and the fitting curve with corresponding current
distribution for 1 to 6 rows of SQUID arrays. The black dots are the original V-B char-
acteristics of the SQUID arrays. The black line is the fitting data as well was the Fourier
transform of the current distribution. The blue bars are the current distribution with re-
spect to effective area
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However, based on the shape of the V-B curve and the fitting result, the current distribution

is highly unlikely to be evenly distributed at each junction area.

4.3 Discussion

In this chapter, electronic properties of SQUID arrays have been studied based
on previous measurements. Current distributions are simulated for both geometries in
two different sizes to provide further knowledge in SQUID array design. For close-packed
SQUID arrays, the dimensions of the SQUID loop and electrodes do not have much effect
towards the current distribution. The characteristics should remain the same. However,
when reducing the size of the segmented SQUID to much less than penetration depth, the
current is concentrated on the center of the SQUIDs and bridges. This may bring significant
changes to the characteristic of segmented SQUID arrays. This suggests that the size of
spacing between SQUID arrays have a minimum size based on the penetration depth in
order to retain their their functionality. The interference effect in parallel junction arrays
has be studied by fitting the V-B curve to Fourier transformed current distributions in
effective areas. Multiple possible solutions exist based on the data we obtained. With
the accumulation of a 1000 SQUIDs in each row, the current density is still not evenly
distributed. The factor that dominates the current distribution is still an open question

that needs to be studied.
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Chapter 5

Electronic Feedback System

5.1 Motivation

Magnetometers based on Superconducting Quantum Interference Devices (SQUIDs)
are amongst the most sensitive detectors of magnetic field. They have been widely used
in geological, biomedical, and electromagnetic analysis [73,74]. Many applications require
a large number of sensors, high dynamic range, high-slew rate, and communication over
large distances for parallel processing. However, most SQUID control systems lack some of
these features because they are based on analog flux-locked-loop (FLL) feedback electron-
ics [75,76]. While analog FLL systems demonstrate the lowest noise, there are drawbacks
that complicate operating and processing data from large numbers of sensors. Unlike an
analog FLL, a digital FLL does not require the use of multi-position switches in order to
change the feedback resistors or time constants. This is a highly desirable feature in large

scale multi-sensor systems. Moreover, for sensors with different electrical properties, dis-
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tinct analog circuits have to be designed and customized to each type of sensor for optimal
performance. Digital based feedback electronics could alleviate some of these drawbacks.

Previously, Oyama et al. developed a digital FLL system using a double counter
method in order to measure an unsheilded SQUID [77]. It exhibited a large dynamic range
up to 141 dB at 1 Hz, however, the digital feedback loop experienced a substantial delay
of 8.4 us that limited the bandwidth. Then, Ludwig et al. developed an improved digital
SQUID feedback system using complex programmable logic devices (CPLD). [19, 78] This
approach reduced the delay time to 200 ns albeit still much larger than analog systems
which typically have values of 15 ns [19].

The rapid advancement in the performance of high-frequency digital components
driven by the mobile communications industry motivates the further development of digital
flux locked loop (DFLL) technology. In order to develop a new generation of DFLL for both
low and high-transition-temperature (high-T-) SQUIDs, we employed a digital electronic
feedback system using Field Programmable Gate Arrays (FPGAs) [79,80]. FPGAs are re-
programmable integrated circuits suitable for high performance computing, data storage,
and high-speed communication. FPGAs have the potential to solve many of the problems
present in various applications. The mixed response signal of flux modulation and current
bias can be demodulated and recovered through the digital system using digital signal
processing (DSP). An additional digital filter can be added, and further DSP can be used for
SQUID data analysis, including multi-SQUID processing, digital gradiometer subtraction,
and SQUID imaging. In this work, we implemented an FLL algorithm using an FPGA to

operate a high-T¢ direct inject SQUID [62].

47



5.2 Design

Fig. 5.1 shows a general schematic for the basic set-up of our DFLL. The Xilinx
Spartan 6 FPGA generates a modulation signal using a 16 bit digital-to-analog converter
(DAC) that is inductively coupled into the SQUID. The SQUID voltage is amplified using
a low noise preamplifier and is filtered to bandpass the frequency. That output is then fed
into an analog-to-digital converter (ADC) for demodulation redof current bias frequency
and digitization into a 16 bit digital signal [81]. The FPGA demodulates the digital signal
and functions as a smart FLL which locks the SQUID at a programmed voltage range.
Using a 16 bit DAC, the FPGA subsequently generates a feedback signal which is then sent

to the feedback coil of the SQUID in order to null the external magnetic field changes.

Function
Analog to digital control
I Preamp  convertor (ADC) |
b

| aanRQUID FPGA | Visual/wireless

! signal Spartan 6 | sjgnals
Mg

AN Feedbacl.< and /
Modulation \\

Digital to analog
convertor (DAC)

Figure 5.1: Schematic for FPGA based digital flux locked loop.

The ADC, with four input pairs per chip, has a high sample rate, up to 100 MSPS,

for a wider bandwidth. The capture delay is about 3 ns. The FPGA delay for a specific
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algorithm is about 21.35 ns plus the user-set integration period. The DAC we used has
four parallel outputs with a settle time of about 20 ns. Operating the system at around
10 MHz without considering the delay in the wires connecting back to the SQUID coil, the
slew rate can be as fast as 3.46 M®y/s. The actual slew rate will be slightly smaller due
to transmission line propagation delay (about 5 ns) [19]. For a 2 m transmission line, we
estimate a maximum slew rate of 3.0 M®,/s. This slew rate can be further increase with

an additional digital counter.

5.3 Theories

From chapter one, there are multiple current bias methods that could be used to
implement this design. Other than that, two other approaches are shown below with the
advantages of the digital system.

The first one is an implementation of AM demodulation. By current bias reversal
at a much higher frequency, the SQUID works as a mixer. Fig. 5.2 shows the voltage
signal produced by mixing both sinusoidal current bias and flux modulation by the SQUID.
The signal can be sampled at the same frequency of current bias in ADC to reconstruct
the voltage modulation with respect to magnetic field. The reconstructed voltage can
be demodulated again to reconstruct the external magnetic flux change on the working
points. Square-wave modulation in both bias reversal and flux modulation will work the
same as sine waves. A benefit from this approach is that other frequency noise can be

filtered out before demodulation. The drawback of this approach is that, based on the
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current bias analysis, out of phase change in current bias fluctuation may still exist in this

implementation producing a relatively high noise in (high-7¢) SQUIDs.

R
L E—
N

@,

Figure 5.2: The left graph is the V-B characteristic of SQUID at two different bias stage. By
appling current bias I, with flux modulation @}, the SQUID output is a mixed amplitude
modulation signal.

The other approach is a voltage approach based on the traditional FLL current
bias and modulation. With the capability of storing data in FPGA, the SQUID data can
be analyzed during the scan providing linearity, sensitivity, voltage level, etc. on each point
of the V-B curve. This feature function can be applied to other methods as well to improve
the linearization of the transfer function. Based on this, by providing a voltage difference
between working points on each biased current in the FPGA from a previous scan, precision
locking on flexible working points can be achieved. Fig. 5.3 shows the voltage response
and the calculation done in the FPGA to cancel out different noise. The current bias is
modulating at twice flux modulation frequency or even higher. The SQUID output signal

is sampling at a much higher frequency than the bias reversal. The Va(t) is the voltage
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difference between the working points at the same flux bias but at different current bias
levels. This value will be subtracted by the original voltage difference between the same
points Vai(t), which is calculated from the scanning period. If the result has the same
frequency as the modulation, the voltage difference will be integrated and then fed back
to the SQUID to balance out the external flux. Other noise such as current fluctuation
or voltage bias would not produce a feedback change. This method can bring the working
points at different flux bias stages to a different voltage level. It is suitable for sensors with
transfer functions that have linear regions and high sensitive areas that are asymmetrically

distributed.

Changing in
flux

Out of phase In phase  Voltage offset

Feedback No effect No effect No effect

Figure 5.3: The DFLL lock theory based on the voltage level. The current bias I, has twice
the frequency as flux modulation ®,,. By osculating between 2, 3 and 1, 4, the voltage
difference between each point sets Vai(t) could be calculated during the scanning period.
While locking, the real time voltage difference VA (t) will be compared and then produce a
signal with same frequency as modulation signal.
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5.4 Algorithm

A key advantage of using an FPGA is that software algorithms can be implemented
and easily reprogrammed. Multiple algorithms have been developed based on the theories
mentioned above, including the traditional current bias method. The parameters of DFLL
can be easily changed through the user interface in order to optimize the sensitivities and
noise for both HTS and LTS sensors with various dynamic ranges. Below is an example of

a program being tested in our experimental setup.

Algorithm 1 (H) Algorithm for DFLL

Input: ADC signal x
Output: DAC signal y, current bias I and digital output z
1: while ScanState do
2: I < periodic wave
3:  y < periodic wave at each I
4:  for each y and I do
5: PP,(I)gets peak to peak y respond at I
6: if PP, > PPy, then
7: point,(y,I) < x of optimal operating points
8: end if
9: end for
10: end while
11:

12: whale LockState do
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18:  y < modulation signal

14: I < modulation signal with higher frequency
15: Ay = [ pointy(yo,I) — xdx

16:  if y # 0 then

17: update y, z with ratio X Ay

18:  end if

19: end while

In this particular algorithm, the user modifiable parameters include both real
time control and preset variables. Users can change the period, range, and gap of both the
current bias and the magnetic field while scanning the SQUID. In the lock state, modulation
frequency can be modified to fit different types of sensors and electronic system. The delay
time has been pre-designed for the system we are using, but it can be changed depending on
the frequency, cryosystem, and the sensor itself. The integration period and gains are also
adjustable to provide the most sensitive and stable result. The functions and conditions
which determine the optimal working points are the most important preset components
that keep the SQUIDs working at the most preferable location.

During the scan state, the program will estimate the amplitude Vpp of the SQUID
modulation to determine the best current bias range. This voltage information is stored in
the FPGA for further possible analysis. Fig. 5.10 shows some of the data calculated during
the scanning period. The red cross points are the possible working points determined by
the adjustable functions and conditions. One way to estimate the points is by simply

using the points that have highest slope in each period. Additional weighted conditions
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can be added, including the linearity range, noise, and preferable voltage range, which
will be demonstrated in the simulation and testing sections below. The working points
are calculated during each period and stored in the FPGA for further data process and
control, such as flux jumping and counting. The selection of these working points can also
be conditioned into a preferable dynamic range. For example, the default pick will be in
the middle of the DAC voltage range. However, if a change is expected in one direction of
the external magnetic field, the modulation points could be conditioned to the other side in
order to provide a larger dynamic range before it hits the boundary. The flux quanta ® is
also estimated by averaging each period. The estimation can be done in two different ways,
one is by subtracting between different local maximum or minimum points on each curve,
the other one is by subtracting the optimal point determined during scanning period with

the optimal function that enforces the working points at the middle voltage level.

Oy |
|

O,

Figure 5.4: Information that is calculated during scanning period. During the scan period,
both the voltage amplitude Vpp and flux quanta ®( are estimated. The red points, which
indicate the preferred working points, are calculated by the preset function for each period.
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5.5 Simulation

We simulated our algorithm using a second FPGA system configured to mimic a
real SQUID. In order to do this, we digitized real SQUID data from a previous transport
measurement. The original SQUID data shown below in Fig. 2 is obtained from a typical
YBCO SQUID fabricated in our lab [62]. The second FPGA system acts as a lookup table
using the SQUID data with respect to both the input magnetic field signal and current bias.
The virtual gain of this digital SQUID is set to 100, which brings the output to around
the 100 mV level. This Digital SQUID behaves like a combination of the real SQUID and
the pre-amplifier. It is then connected to the DFLL system using a DAC. The maximum
slew rate was tested with the simulated SQUID. The 10 MHz frequency was applied with
short coaxial cables in order to maximize the slew rate. The SQUID transfer function was

linearized by the electronic system during this simulation.

Voltage (LV)

-100

-120 . L . 1 . I .
-500 -250 0 250 500

Magnetic Field (nT)

Figure 5.5: YBCO SQUID data used for simulation of the DFLL.
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An additional simulation has been done to lock long junctions which were intro-
duced in Chapter 2. Similar to the mimic SQUID, the original long junction data shown
below Fig. 5.6 fabricated in our lab [51] is configured in the FPGA. The voltage output
of this digital long junction has the exact same range as the real data, about 160 mV.
Distinct from the SQUID FLL algorithm, the algorithm was modified to pick the working
points in the linear regions that are closer to the peak point with relatively high sensitivity.
This returns a magnetic field modulation amplitude of about 60 yT. The points which are
closer to the peak are preferable for providing the smallest modulation amplitude possible,
maintaining a relatively high sensitivity. In reality, higher magnetic field jumping might
increase the settling time or ringing effect in feedback coil. This will decrease the modula-
tion frequency to lock the long junction and reduce to a smaller slew rate. The algorithm
has successfully linearized the long junction. However, for the real long junction test, the
delay time has to be set for longer and the modulation frequency needed to be adjusted
depending on the test system.

Due to this reasoning, current bias modulation has been applied to the simulated
long junction array on one side of the V-B curve. Fig. 5.10 shows the locking points on the
long junctions with bias reversal. Instead of frequency detection, the long junction array
will be locked on the voltage calculation previously described. The range between each
voltage response point will be integrated after subtracting a constant voltage. The constant
voltage is obtained by subtracting the same working points from the initial state during
the scanning period. The system will only feed back a voltage to balance out the applied

flux, rather than the modulation, to lock the long junction at a certain voltage value. This

56



'40 T T T T T
80 F i
~
>
é -120 | E
)
en
8
— -160 |- E
o
>
-200 E
2240 . 1 i 1 i 1 . 1 A 1 A
=750 -500 -250 0 250 500 750

Magnetic Field (uT)

Figure 5.6: Long junction data used for simulation of DFLL. The red points indicated the
working points of the long junctions. The working points are about 60 uT apart.

method can achieve a much higher frequency without considering the settling time or any
other effects in the pick-up coil. Any out-of phase fluctuation noise from the current or
voltage offset noise will not effect this system. However, considering the in-phase current
and normal resistance fluctuation, this system can not cancel the noise which will then be

applied on the feedback signal.

5.6 SQUID Measurement

We tested our DFLL on a YBCO direct inject nanoslit-SQUID design developed in
our laboratory. A more detailed description of its fabrication [62] and inductive properties
[82] are introduced by Cho et al. The configuration of this test consisted of a hexagonal

loop with 300 pum height directly coupled to the nano-slit SQUID serving as a pick-up
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Figure 5.7: Current bias reversal for long junction. The top and bottom curve is the long
junction transfer function at two different bias level. the red points indicates the working
point in transfer function with two different bias current. The voltage difference in between
will be used to lock the junction at these two working point.
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Figure 5.8: Voltage as a function of the magnetic flux and field for a YBCO direct inject
nanoslit SQUID measured at 20 K.
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loop, similar to the hexagonal SQUID that has been motioned in chapter 3. Using this
configuration/set-up, the superconducting current induced from the magnetic flux in the
pick-up loop directly couples into the SQUID and significantly enhances sensitivity [60].
An additional hexagonal loop was patterned around the pick-up loop for use as both a
modulation and feedback coil. The on-chip coupling between the feedback coil and the pick
up loop was about 40-50 pH. The junctions had a critical current of 5 pA at 20 K with a
resistance of 4.2 €. The voltage response with respect to the magnetic field of the sensor
operated around 20 K is shown in Fig. 5.8.

The complete digital system was connected to the SQUID and verified using the
described algorithm to perform a scan of the data in order to obtain the properties of
the SQUID sensor. Simultaneous with the scan, the FPGA estimates and records the
SQUID oscillation period ®g, as well as the slopes, linearity, noise, and SQUID modulation
amplitudes of the SQUID curve. Optimal working points are then calculated from this data
for each period. Multiple algorithms have been tested for the determination of optimal
points. In this example, we used a formula containing user-adjustable weights applied
to the previously listed parameters in order to calculate a score for each point. In this
calculation, higher scores indicate points with a steep slope, high linearity, low noise, and
a large range of linearity. From this, the optimal points are those with a relatively high
score within each period. These points are stored in the FPGA for further reference and
operation. From these recorded optimal points, the two with the best score and the closest
magnetic flux will be chosen for locking. A feature of these chosen points is that they do

not necessarily have to be at same voltage level nor be half flux quanta apart, but the same
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voltage and the same period are preferred by the algorithm. However, these conditions
can be optionally enforced, a setting controlled by the user. After completion, the DFLL
switches into locked mode, where the FPGA operates with separated working points. For
this experiment, the modulation frequency of the system was set to 10 kHz because of our
cryostat. It is not wired for higher speed operation. However, for other high frequency
systems with high speed coax, the frequency can be easily modified through the FPGA, up
to 10 MHz for each SQUID for optimized results. External magnetic field was applied to
the SQUID in order to confirm the proper functioning of the whole system. The output
with respect to the external magnetic flux is shown in Fig. 5.9. There, the SQUID transfer

function has been linearized with respect to the external magnetic flux.
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Figure 5.9: Output voltage of the digital feedback control system with respect to externally
applied magnetic field. The grey dots represent the feedback voltage applied on the feedback
coil. A linear regression shown above as a black line has been well fitted on the transfer
function with adjusted R? equal to 99.982%.
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5.7 Dynamic range

To overcome the limitations of the DAC while maintaining the sensitivity of the
SQUID, boundaries were set for the feedback signal in the DAC. The DFLL will continue in
locked mode until hitting the boundary [83]. As shown in Fig. 5.10, when the DAC output
signal reached its predefined boundary, it was programmed to jump the operating point
back by several corresponding flux quanta and to re-lock the SQUID. The jumper count
and estimated flux quanta are stored in FPGA to provide an output proportional to the
external magnetic field. Fig. 5.11 shows the feedback voltage and the digital output with
respect to the magnetic field. The original digital data representing flux quanta is stored in
a logic vector with a maximum of 32 bits. This can be easily expended to a greater capacity
for even larger dynamic ranges. The small shifts on the digital output occur when a flux
jump has been accomplished. The shifted values come from the difference between the flux
quanta calculated from the scan stage and the actual flux jumped, @ cua1- In this test, the
FPGA controls the feedback voltage, causing it to jump back by an n value of calculated
flux quanta when it reaches the predefined boundary. In our experiment, n = 2. After
the jump, the DFLL will then lock the SQUID back to the optimal points on the current
period.

Further DSP was performed in order to remove the digital output shift, shown in
Fig. 5.12, which then completely linearized the transfer function of the SQUID, despite the

inclusion of the flux jumps.
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Jump and Count

®, Boundary

Figure 5.10: Demonstration of how combination of flux jumping, counting and re-locking
works. Assuming the SQUID is locked at the blue points. When hitting the preset boundary,
the working point will be jumped back to the red points and keep locking. This jump is
achieve by using the estimated flux quanta and the stored working points from the scan
period. The jumping amount will be counted and stored for further data analysis.
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Figure 5.11: Digital readout with respect to applied magnetic flux. The shift on the dig-
ital output indicates the flux difference A®=n®( cst-Pactual. The inset shows the feedback
voltage versus the external magnetic flux applied. The voltage jump on the inset graph
indicates the actual flux jump ®,iua driven by the feedback coil.
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Figure 5.12: Digital output of the FPGA after applying additional data processing on the
flux jumping and re-locking signal. The error between estimated flux and real flux can be
determined and removed to produce a much linear transfer fucntion.

In the case of a high-Tc SQUID with planer Josephson Junctions, this method
enables a wide dynamic range only limited by the SQUID junction’s Fraunhofer pattern.
When the external flux reaches the first minimum on the junction’s Fraunhofer pattern, the
DFLL will be unable to continue locking the SQUID as the voltage modulation will be too
small. Fig. 5.13 below shows a range test that goes up to 80 flux quantum in total. In this
experiment, our DFLL can lock up to at least 600 flux quantum within this YBCO SQUID
limitation. This method may not be applicable to a tightly coupled input coil connected
to a resonant circuit because ringing could create an interference that degrades the device

performance.
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Figure 5.13: Digital output of FPGA for applied flux range from -40 &g to 40 ®g with flux
jumping and relocking.

5.8 Conclusion

The digital feedback system is easier to control and modify. The full scan provides
detailed information about the particular SQUID sensor. In this system, optimal points can
be selected and stored in the FPGA based on each user’s requirements. Differing from the
analog FLL locked points, these optimal points are solely focused on maximizing the slope
and the linearity of the SQUID function in order to reduce the noise of the whole system.
As we have demonstrated, the working points are not required to be at the same voltage
level nor at the same current bias level in order to make this measurement. This quality
provides a dynamic range only limited by SQUID sensor itself. Finally, changing various
parameters while the system is in operation is much easier than before. Parameters, such
as the sensitivity of the feedback system can be adjusted for changes in the speed of the

magnetic field during testing. These control parameters can help to optimize the digital FLL
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for a myriad of different sensors, each requiring distinct parameters such as SQUIDs [84] or
Josephson arrays [51].

This new approach makes it easier to scale up the FPGA system to support a
large number of sensors. Instead of having a multiple analog circuit, many different kinds
of SQUID sensors can be integrated as a whole system, suitable for applications such as
the operation of digital gradiometers and bio-medico scans. The individual signals from
diverse SQUID sensors can be processed inside of the FPGA simultaneously during parallel
processing.

Based on this technology, magnetic field mapping over various objects and areas
with high sensitivity and large dynamic range are easily achievable feats. Other types of
sensors, such as temperature and proximity sensors, can also be communicate with each

other through the FPGA for more accurate results.
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Chapter 6

Conclusions

This dissertation describes the result of research in high temperature supercon-
ducting magnetometers and the corresponding electronic control systems. Superconducting
magnetometers with high sensitivity to magnetic flux are widely used in a variety of ap-
plications [1-15]. Most commercial superconductor devices are fabricated with LTS. With
the rapid development of FHB technology, Josephson junctions made from YBCO can be
fabricated on much smaller scales [26]. The electronic properties in the junction barriers
are now controllable. Similarly, high performance devices can be developed with HT'S that
operate at much higher temperatures. The rise in temperature reduces the cost of operating
sensors at liquid helium temperature. The higher temperature also reduces the distance be-
tween the sensors and objects. Since the magnetic field decreases proportionally to distance
cubed, a closer distance could signify an increase in the resolution of the detection. Vari-
eties of HTS sensors with different electronic properties and behaviors have been designed

and tested for these applications with distinct requirements. More and more sensors are
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combined into one system to provide optimal solutions. The traditional FLL electronics,
which mainly focus on controlling LTS SQUIDs, have to be modified in order to operate
HTS SQUIDs. The components may need to be switched depending on the sensors’ elec-
tronic properties. A new scale-able electronics system with adjustable parameters that can
simultaneously processes multiple sensors can meet the new demands.

Presented here is a summary of work following the FHB technology. The studies
start from FHB YBCO junctions and then go to YBCO SQUID magnetometers and SQUID
arrays, followed by the further development of a control system for these devices. The YBCO
FHB Josephson junctions with different widths were first studied. The wider junctions, also
known as the long junctions, provide a much more linear range on the voltage response with
respect to magnetic field with a higher sensitivity. These long junctions are then made into
arrays in order to enlarge the dynamic range and the voltage response. These devices
can be operated in an unshielded environment with an impedance match to a variety of
electronics. YBCO direct inject SQUIDs with different designs were then investigated,
providing a much higher sensitivity to magnetic flux. A set of SQUIDs with rectangular
pick-up loops which can operate above 50 K were designed for further SQUID imaging.
When compared to the image from SQUID arrays with rectangular or hexagonal pick-up
loops, the simulations show that the rotation of rectangular SQUID sets can reconstruct an
image with better resolution using the same area of the pick-up loops. SQUID arrays were
also studied for the purpose of improving the dynamic range, bandwidth, and linearity of
SQUID magnetometers. The geometries and current distributions were simulated to have

a deeper understanding of the electronic properties. The current distribution indicated
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the size limitation for future devices with certain geometries. The current density with
respect to effective area was fitted to the V-B characteristics of differently sized SQUID
arrays. Multiple solutions have been found to have non-uniformly distributed current. An
electronic control system is then developed based on FLL theory to control several devices,
mainly SQUID magnetometers, with different electronic properties and behaviors. The
dynamic range of the SQUID is enlarged to the limit of junction’s Fraunhofer pattern itself
by combining the flux lock and flux jumping and counting. The system can now be scaled
up easily in order to achieve multi-sensor control and parallel processing.

Further optimization of these magnetometer devices are suggested to enhance per-
formance. The interference effect in SQUID arrays requires further investigation because
the current distribution in the devices is still an open question. Magnetic field mapping
and imaging performed by electronic control systems using parallel processing of multiple

sensors are an interesting direction for future studies.
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